Interactions of ultra-high-energy cosmic rays with background photons set a limit to the distance cosmic rays reaching us above a certain energy can originate from, making measurements of their fluxes insensitive to properties of sources at high redshifts. On the other hand, the secondary PeV-EeV neutrinos produced in UHECR propagation can reach the Earth even from very high redshifts, and electromagnetic cascades initiated by secondary photons and electrons/positrons contribute to the diffuse gamma-ray background. Therefore, a multi-messenger analysis combining UHECR, neutrino, and gamma-ray data can still provide information about the cosmological evolution of UHECR sources. In this work, we compare predicted particle fluxes from Monte Carlo simulations in various scenarios with recent experimental data, and discuss the conclusions that can be drawn about UHECR sources and their cosmological evolution.
Introduction
Ultra-high-energy cosmic rays (UHECRs) have been observed with energies up to a few hundred EeV (1 EeV = 10 18 eV). They are charged particles, namely protons and possibly other atomic nuclei, with tight observational upper limits on the fraction of neutral particles such as photons or neutrinos. Their origin is still unknown, but there is a wide consensus that most cosmic rays with energies above a few EeV originate from extragalactic sources.
The propagation of UHECRs
Cosmic rays travelling through intergalactic space undergo several processes which modify their energy spectrum, mass composition, and angular distribution of arrival directions, and produce secondary particles. These include the adiabatic energy loss due to the expansion of the Universe (redshift), photonuclear interactions with photons of the cosmic microwave background (CMB, with energies ε 3 meV in the laboratory frame) and extragalactic infrared/visible/ultraviolet background light (EBL, 1 meV ε 10 eV), and deflections by intergalactic and galactic magnetic fields.
Interaction with background photons
The possible types of interactions between cosmic rays and background photons depend on the energy of photons in the nucleus rest frame, ε = Γ(1 − cos θ )ε, where Γ is the Lorentz factor of the nucleus and θ is the angle between the nucleus and photon momenta. These include:
• at ε 1 MeV: electron-positron pair production, p + γ → p + e + + e − , where each electron has ∼ 0.05% of the initial proton energy, or the equivalent process for heavier nuclei;
• at ε 8 MeV: disintegration of nuclei, e.g. A Z + γ → A−1 Z + n or A Z + γ → A−1 (Z − 1) + p, where each secondary nucleon has a fraction 1/A of the initial nucleus energy;
• at ε 150 MeV: pion production,e.g. p + γ → n + π + or p + γ → p + π 0 , also affecting nucleons within nuclei, where charged pions decay into three neutrinos and an electron each with ∼ 5% of the initial nucleon energy, and neutral pions decay into two photons each with ∼ 10% of the initial nucleon energy.
The energy loss lengths for these processes as a function of the nucleus energy are shown in Fig. 1 in the case of protons and oxygen; the redshift loss length (inverse Hubble constant) is also shown for comparison. Loss lengths for other nuclei are similar but shifted to lower (higher) energies in the case of lighter (heavier) nuclei.
The GZK horizon
The energy loss processes which nuclei undergo set a limit to the distance from which cosmic rays reaching us with a given energy can have originated from, no matter how high their initial energy was. This is shown in Fig. 2 , where the energies at Earth of protons injected with energies up to 10 24 eV are plotted as a function of their source redshift. It can be seen that protons with [4] energies above 10 18 eV at Earth cannot have originated from sources at redshifts z 0.9. This limit is even stronger for other nuclei, their interaction lengths being shorter. Since at energies below 10 18 eV the flux of extragalactic cosmic rays may be suppressed by magnetic dispersion effects and/or contaminated by the high-energy tail of Galactic cosmic rays, investigations about UHECR sources at higher redshifts are not possible looking at fluxes of nuclei alone, and require a multi-messenger approach, as described below.
Secondary particles and multi-messenger studies
As described above, interactions of cosmic rays with intergalactic photons produce secondary electrons, positrons, photons and neutrinos, with energies of the order of a few PeV (from the decay of pions produced with EBL photons and from pair production) to a few EeV (from pions produced with CMB photons). The neutrinos can reach us even from large z without being affected by their propagation (other than for the redshift and flavour oscillations). Electrons and photons initiate electromagnetic cascades by interacting with universal radio background (URB) and CMB photons and with intergalactic magnetic fields, contributing to the diffuse gamma-ray background at energies 100 TeV. The shape of the spectrum of the cascades does not depend on the energy of the particles that initiated them [5] , so they carry less information than the neutrinos, but on the other hand they are easier to detect.
Simulated fluxes in selected scenarios
To demonstrate how the fluxes of neutral secondary particles is sensitive to the cosmological evolution of the emissivity of UHECR sources, even in scenarios which could not be distinguished by looking at nuclei alone, we considered three different models of source evolution,
and two different models of source spectrum and composition, "dip model" mixed composition model "soft sources" "hard sources"
100% p 75% p, 25% He 35% p, 30% He, 25% N, 10% Si where the element fractions are defined at 10 18 eV and γ, E 0 and E cut are defined by
All simulations were performed using the SimProp [1] Monte Carlo code. The resulting UHECR spectra are shown in Fig. 3 . It can be seen that these spectra are only sensibly different at the lowest energies, where magnetic dispersion effects and/or an admixture of Galactic cosmic rays could easily confound the picture.
The corresponding neutrino fluxes are shown in Fig. 4 . It can be seen that: (i) no substantial number of EeV neutrinos are produced if the highest-energy cosmic rays are not protons; (ii) at any given energy, the stronger the UHECR source emissivity evolution (i.e. the brighter and/or more numerous the earlier sources), the highest the neutrino fluxes, with an AGN-like evolution being disfavoured by the current observational upper limits; and (iii) cosmogenic neutrinos cannot constitute a sizeable fraction of the observed extraterrestrial neutrino flux except possibly in the highest energy bins.
As for gamma-ray cascades, results using the analytic model of cascade development in Ref. [5] are shown in Fig. 5 . The magenta and cyan bands show the measured isotropic diffuse gamma-ray Figure 3 : UHECR fluxes in a pure proton scenario (left) and a mixed-composition scenario (right) assuming the source emissivity to be constant (solid line), proportional to the star-formation rate (dashed line), or proportional to the density of AGNs (dash-dotted line), from Ref. [6] . Data points from KASCADE-Grande [7] (teal triangles), the Pierre Auger Observatory [8] (olive disks) and the Telescope Array [9] (purple squares) are also shown for comparison. Fig. 3 , assuming (from bottom to top) a constant (red), ∝SFR (green) and ∝AGN (blue) source emissivity, assuming two different EBL models (thick solid and dashed lines) or the CMB only (thin solid lines), from Ref. [6] . Data points and upper limits from IceCube (teal solid) [10] and Auger [11] (olive dotted) are also shown. background (IGRB) and total extragalactic gamma-ray background (EGB) respectively; the difference is that the emissions resolved into point sources are excluded from the former but included in the latter. Note however that a sizeable fraction of the IGRB may originate in point sources that Fermi-LAT was unable to resolve, making the truly diffuse emission lower [12] , but on the other hand if intergalactic magnetic fields are weak enough gamma-rays from UHCER propagation may come from the direction of the original source [13] and be excluded from the IGRB. The steps in the right tails are due to our redshift binning of electron/positron and photon production and the sharp cut-off in the cascade development model at each redshift, due to the model's approximation of the EBL as monochromatic. More extensive studies using more realistic models of cascade development will be the subject of future works. Fig. 3 , assuming the analytic model of cascade development in [5] (thick lines: mixed composition, thin lines: pure protons; same colour scheme as in Fig. 4 for the source emissivity evolutions), from Ref. [1] . Fermi-LAT [14] IGRB (magenta) and total EGB (cyan) data with uncertainties from Galactic foreground modelling are also shown.
